Summary. The effect of the removal of one testis from cross-bred lambs at 1, 4, 8 Subdermal implantation of oestradiol-17\g=b\ into 1-week hemicastrated lambs at the time of operation or at 6 weeks of age increased plasma oestradiol concentrations by approximately 2\p=n-\4-fold,prevented the FSH and testicular growth responses to hemicastration and suppressed plasma LH and testosterone to levels lower than those in control lambs. The total androgen response of interstitial cells from the remaining testis of oestradiol-implanted lambs at 12 weeks of age was significantly reduced.
Introduction
It has been known for some time and for a wide range of mammalian species that the removal of one testis may cause compensatory hypertrophy of the remaining testis, particularly if the operation is done early in life (see Waites, Wenstrom, Crabo & Hamilton, 1983, for references). This surgical manoeuvre has been used to perturb the pituitary-testis axis in lambs in order to reveal some of the endocrine mechanisms associated with the hypertrophy (Walton, Evins & Waites, 1978;  Walton, E vins, Hillard & Waites, 1980) , but the observations have been conflicting in some respects. For example, neonatal hemicastration yielded an augmented secretion of FSH lasting for several weeks (Walton et al., , 1980 without any evidence of other anterior pituitary hormones being involved (Waites et al., 1983) whereas Hochereau-de-Reviers et al. (1980) reported that hemicastration of lambs at 6 weeks of age elicited an increase of plasma LH concentrations without a significant elevation of FSH. This could reflect differences in the pituitary-gonadal axis due to age.
Walton et al. (1978, 1980) observed that the elevated plasma FSH concentration evoked by hemicastration at 1 week of age was sharply suppressed to values close to control levels in the period 8-10 weeks of age. This also occurred in lambs of a different breed in the U.S.A. (Waites et al., 1983 ) and the period of FSH suppression coincided with the maximum growth phase of several tissue elements in the remaining testis, particularly the Sertoli cells.
It was of interest, therefore, to establish whether hemicastration of prepubertal lambs at different ages elicited different endocrine responses and to attempt to identify the nature of the agent suppressing the secretion of FSH at about 8 weeks of age. Since exogenous oestradiol can alter plasma gonadotrophin concentrations in the adult ram (Schanbacher, 1979) , we therefore investigated whether oestradiol in hemicastrated lambs would modify the gonadotrophin, testicular growth and interstitial cellular responses.
The plasma testosterone concentrations of neonatally hemicastrated lambs remained similar to those in control lambs (Walton et al., , 1980 Waites et al., 1983 (Follett, Farner & Mattocks, 1975) of the radioimmunoassays described for LH (Walton, McNeilly, McNeilly & Cunningham, 1977) and FSH (McNeilly, McNeilly, Walton & Cunningham, 1976) . The coefficients of variation ranged from 8 to 11% within assays, and from 11-5 to 14% between assays, and the limits of assay sensitivity were 01 ng/ml for NIH-LH-S16 and 18 ng/ml for NIH-FSH-S8. Steroid concentrations were determined in pooled plasma samples (2 ml) from the 4 animals in each group after extraction with diethyl ether (2x10 ml) and chromatographed on Celite columns, as described by Hodges, Eastman & Jenkins (1983) . Mean ± s.e.m. recovery values, as determined from individual radiotracer losses through extraction and chromatography were as follows: testosterone, 72 ± 1-8% (n = 12), 5a-dihydrotestosterone, 54 ± 6-5% (n = 12), oestradiol-17ß, 69 ± 2-0% (n = 18). Specific antisera were used to radioimmunoassay the resultant fractions (Hodges et al., 1983) and the limits of assay sensitivity were 30 pg testosterone/ml, 20 pg 5a-dihydrotestosterone/ml and 8 pg oestradiol-17ß/ml respectively. To eliminate errors due to inter¬ assay variation, all samples were assayed in triplicate in a single assay for each steroid. The intraassay coefficients of variation in control plasma pools of ram plasma were 7-8 ± 0-9% (n = 6) for testosterone, 10-0 ± 1-2% (n -6) for 5a-dihydrotestosterone, and 11-0 ± 1-0% (n = 6) for oestradiol-17ß.
Interstitial cell assays
Testes were decapsulated, minced and dispersed in collagenase (Sigma Type III, 70 units/ml) using methods described previously (Jenkins, Sumpter & Follett, 1978) . The resultant interstitial cell suspension was incubated for 3 h at 37°C with various doses of ovine LH (NIH-LH-S16). The incubation was terminated by centrifugation (180 g, 5 min) and the supernatant was assayed for androgens using an antiserum raised in rabbits against testosterone-3-carboxymethyloxime-BSA conjugate, which has a 66% cross-reaction to 5a-dihydrotestosterone (DHT) and 5% to 5a-androstane-3a-(3ß)-17ß-diols (Code 510/6; Dr B. J. Furr). The number of cells per incubation tube was calculated using a 'Coulter Counter' (Coulter Electronics Co.) and the androgen concentration was expressed as a function of the cell number in each tube. The androgen production from interstitial cells isolated from control 12-week-old testes, stimulated by the same doses of LH and in the presence of 300 nM-oestradiol-17ß (Sigma Chemicals), was also determined.
Statistical analyses
Mean concentrations of plasma hormones, and areas under the curves of hormone concentration against time were compared using Student's independent / test. Student's correlated t test was used for comparing hormone levels in plasma over consecutive weeks. Regression analysis was performed on the dose-response curves obtained by stimulating interstitial cells with 25-400 ng LH/ml, and compared between groups using Student's independent t test.
Results
Body weight increased from 4-4 + 018 kg at birth to 27-5 ± 0-91 kg at 12 weeks, with no significant differences between the groups.
Testicular hypertrophy
The weight of the remaining testis after hemicastration at 1 week of age progressively increased with age and became significantly different from control testes by 8 weeks (Table 1) . This hypertrophy was also apparent in lambs hemicastrated at 4, 8 or 12 weeks of age (Table 1) . Oestradiol implantation arrested testicular growth at the size equivalent to that seen when the capsule was implanted (Table 1 ). The mean concentration of oestradiol in pooled plasma samples was 30 ± 10 pg/ml in lambs given implants at 1 week of age and 60 pg/ml in lambs with implants at 6 weeks of age; values in control and untreated hemicastrated lambs were below the limits of sensitivity of the assay.
Hormones
FSH. Hemicastration at all ages resulted in elevations in circulating concentrations of FSH compared to controls (Text- fig. 1 ). In lambs hemicastrated at 1 or 4 weeks of age the raised FSH concentrations were sharply suppressed toward control values (55 + 10 ng/ml) between 7 and 8 weeks of age; such a suppression was not observed in the 4 weeks following removal of one testis at 8 or 12 weeks of age. The mean area under the curve (ng/ml/week) for FSH in the 4 weeks after hemicastration was greater for lambs hemicastrated at 4 weeks (635 + 138) or 8 weeks (640 ± 136) than for lambs operated on at 1 week (477 ± 46) or 12 weeks (421 ± 36). The differences were not statistically significant owing to the small number of animals in each group. Removal of the second testis resulted in extremely elevated concentrations of FSH which ranged from 550 to 800 ng/ml at 2 weeks after the operation and declined thereafter.
Treatment of hemicastrated lambs with oestradiol at 1 week or 6 weeks of age prevented the FSH response in lambs given implants at 1 week of age, and suppressed the elevated FSH when implants were given at 6 weeks to levels lower than those in unoperated controls (Text- fig. 2 ).
LH. The area under the plasma LH concentration against time curve was similar in lambs hemicastrated at 1 week (3-49 ± 0-76 ng/ml/h) and in intact lambs (3-57 ± 0-86 ng/ml/h) when sampled over a 5-h period at 6 weeks of age. Oestradiol implantation resulted in significantly lower levels of LH than in control lambs of the same age (1-74 ± 0-07 ng/ml/h). The mean number of LH pulses in the 5 h sample period was similar in control (1 -75) and in hemicastrated (1-50) lambs but only a single pulse was observed in one of the lambs treated with oestradiol.
Androgens. The circulating concentrations of testosterone remained low in lambs hemicastrated at 1 week of age and in intact controls until 6 weeks of age (60-230 pg/ml) and thereafter slowly increased in both groups until 12 weeks (580-620 pg/ml, Text- fig. 3 ). Following oestradiol implantation, the plasma testosterone concentrations remained low (< 100 pg/ml) throughout the (Walton et al., , 1980 Waites et al., 1983) ; this suppression was also observed when hemicastration was delayed until 4 weeks of age. The FSH elevation after the removal of one testis at 8 weeks was still rising 4 weeks later in contrast to the smaller response observed after hemicastration at 12 weeks which slowly declined (Text- fig. 1 ).
Although daylength and season of birth can modify testicular development in the lamb (de Reviers et ai, 1980) , the lengthening photoperiod is unlikely to account for the changes in FSH responses to hemicastration because their magnitude is not directly correlated with daylength. However, differing FSH responses could be due to changes in the production of testicular feedback agents or to alterations in the sensitivity of the hypothalamo-hypophysial complex (Foster, Cruz, Jackson, Cook & Nalbandov, 1972; Lee et al., 1976; Savoie et al., 1979) .
Our results indicate that the control of FSH secretion is critical to the maturation of the pituitary-testis axis in lambs since neonatal hemicastration did not significantly alter the character or pattern of LH secretion in the early prepubertal period, as previously shown (Walton et al., , 1980 Waites et al., 1983) . Moreover the dramatic suppression at 7-8 weeks of the elevated FSH levels in hemicastrated lambs suggests that a testicular feedback agent capable of modulating FSH has appeared by this age. We do not believe that this agent is testosterone because the magnitude of the FSH responses to hemicastration at 4 and 8 weeks are similar despite the two-fold difference in preoperative testosterone levels at these ages (Text-fig. 3 ). Furthermore, 5a-dihydrotestosterone levels remain undetectable after hemicastration and so this metabolite is unlikely to have a physiological effect in the control of gonadotrophin secretion. On the other hand, as previously reported (Walton et al., 1980) , 'inhibin' of testicular origin is a putative modulator of FSH secretion (Franchimont et ai, 1978; Cahoreau, Blanc, Dacheux, Pisselet & Courot, 1979) . A possible agent acting to suppress FSH secretion in lambs at 8 weeks of age could be an 'inhibin' produced by hypertrophied Sertoli cells. The FSH response to removal of a testis from control lambs at 8 weeks of age implies that the production of 'inhibin' in the remaining testis is insufficient to modulate pituitary secretion of FSH. The reduced and unsustained FSH response to hemicastration at 12 weeks of age perhaps reflects the impact of the onset of spermatogenesis on the hypothalamohypophysial complex.
The enhanced growth response of the remaining testis after hemicastration at 1 week of age progressively increased with age (Table 1) , as seen previously (Waites et al., 1983) . This hypertrophy was less when hemicastration was delayed until 4 or 8 weeks of age although a significant growth response to hemicastration was still apparent between 12 and 16 weeks of age. Although the immediate FSH responses to removing one testis at 4 or 8 weeks were greater than at 1 week, the total FSH response after neonatal hemicastration was maintained throughout the early postnatal period (Text- fig. 1 ) when Sertoli cells are capable of their optimal growth response (Ortavant, Courot & Hochereau-de-Reviers, 1977; Waites et ai, 1983) . The testicular response to hemicastration at 12 weeks may depend upon other factors, for example, a stimulatory action of FSH on fluid secretion by mature Sertoli cells (see Waites & Gladwell, 1982, for review) and, indirectly, on the development of spermatogenesis which is being initiated at this time (Waites et al., 1983) .
The steroidogenic response to ovine LH of enzyme-dispersed interstitial cells from 1-and 12-week-old lambs did not differ and was unaffected by neonatal hemicastration (Text-fig. 5 ). These results are supported by the observation that the androgen responses in vivo to hCG injections into lambs at 1, 4 or 8 weeks of age were similar (Gamier & Saez, 1980) , although the testosterone production in vitro following hCG administration in vivo was greatest at 1 week of age (Savoie et ai, 1980) . Hamel et al. (1981) concluded from in-vitro stimulation with hCG that the steroidogenic capacity of the lamb testis attained a plateau at 2-4 weeks of age. Despite our reservations concerning data obtained using heterologous gonadotrophic stimulation, these observations, together with ours, suggest that the low levels of plasma testosterone in neonatal lambs (Text- fig. 3 ; Foster et al., 1978) (Waites et al., 1983) . Hypertrophy and increased secretion of testosterone by the testis has been reported in 14-month-old sheep hemicastrated at 5-6 months of age (Lindner, 1969) .
Raising the circulating levels of oestradiol at 1 week of age prevented the FSH and testicular growth responses normally displayed after hemicastration, and oestradiol implantation at 6 weeks of age reduced LH and FSH levels in hemicastrated lambs and arrested the growth of the remaining testis. In adult wethers a similar reduction in gonadotrophin levels was provoked by the subcutaneous injection of oestradiol dipropionate (2 mg/day), dihydrotestosterone propionate (20 mg/day) but not by testosterone propionate (20 mg/day; Parrott & Davies, 1979) . Schanbacher (1979) reported a dose-related reduction in plasma concentrations of LH and FSH in castrated and cryptorchid rams after oestradiol implantation, and active immunization of intact rams against oestradiol or testosterone resulted in an elevation of gonadotrophin levels. Although the plasma levels of oestrogen induced in these studies are likely to be supra-physiological, these data illustrate the inhibitory effects of oestradiol in male sheep. Furthermore, passive immunization against oestrone and oestradiol between 14 and 26 weeks of age slightly increased the rate of testicular growth in Merino rams without significantly altering the circulating levels of LH and FSH at 18 weeks (Land, Baird & Carr, 1981) . However, the production of oestradiol in adult rams is low and does not vary with season (Schanbacher & Ford, 1976) . Thus the evidence remains inconclusive that oestradiol could mediate the changes in FSH levels and testicular growth after hemicastration, and lambs passively immunized against oestradiol are now being studied.
Oestradiol concentrations of less than 300 nM did not alter the androgen response of interstitial cells to ovine LH (Text- fig. 5 ) as was found in rats (Grotjan, Rodriguez-Rigau & Steinberger, 1980 (Gamier & Saez, 1980) , which supports this suggestion.
In conclusion, our results support the view that FSH is the principal prepubertal influence on testicular development and growth in the lamb.
